Compressed hydrogen storage CFD Hydrogen safety State of charge a b s t r a c t A major requirement for the filling of hydrogen tanks is the maximum gas temperature within the vessels during the process. Different filling strategies in terms of pressure and temperature of the gas injected into the cylinder and their effects on key parameters like maximum temperature, state of charge, and energy cooling demand are investigated. It is shown that pre-cooling of the gas is required but is not necessary for the whole duration of the filling. Relevant energy savings can be achieved with pre-cooling over a fraction of the time. The most convenient filling strategy from the cooling energy point of view is identified: with an almost linear pressure rise and pre-cooling in the second half of the process, a 60% reduction of the cooling energy demand is achieved compared to the case of pre-cooling for the whole filling.
Introduction
The deployment of hydrogen powered vehicles requires a distributed network of hydrogen refuelling stations and the definition of the filling protocols for hydrogen tanks. With conventional fuel powered vehicles, drivers are used to refill the tank in few minutes and they expect to spend the same time for a new technology like hydrogen cars. The combination of the need for similar driving range between conventional fuel and hydrogen vehicles with the very low density of hydrogen brings the necessity to fill the hydrogen tanks to very high pressure (i.e. up to 70 MPa). Filling the tank in a short time (~3 min) at high pressure creates some issues. The rapid compression generates an increase of gas temperature inside the vessel and because of heat transfer the temperature of the tank material increases with time. If the temperature augments too much, the structural integrity of the tank might be jeopardized. Because of safety, the maximum allowed temperature inside tanks is set to 85 C (358 K) by the majority of the international standards and regulations (e.g. the European regulation [1] , the SAE [2, 3] , the global technical regulation [4] , and the international standard ISO 15869 [5] ). Beyond the safety considerations, the increase of temperature has a negative consequence on the gas density and subsequently on the total amount of gas that is injected in the tank during the filling. The state of charge (SOC) is defined as the ratio (in percentage) between the density at the end of the filling process and the density at 70 MPa and 15 C or at 87.5 MPa and 85 C (40.2 kg/m 3 ). The SOC gives an indication of the filling degree and it is strictly related to the temperature and pressure. A high value very close to 100% is desirable because it provides a larger driving range. At the same time, the SOC should not exceed 100% as it is described in the operating conditions of the vehicle fuel system [2, 3] . It has been shown both experimentally and by numerical simulations that the temperature threshold can be exceeded e.g. a 29 L tank type 4 that is refilled in 200 s at 20 C of ambient temperature [6, 7] . The technological solution envisaged to tackle that issue is to pre-cool the gas before injecting it into the tank. However the addition of the heat exchanger to the refuelling installation causes a significant increase in the initial cost of the station and in the running costs in terms of energy consumption. Reducing the cooling demand has a positive effect on the energy consumption (and the running costs) and therefore on all the environmental parameters that are related to the energy consumption e.g. pollution emissions and greenhouse gas emissions in the case of electricity from fossil fuel plants.
Two key parameters to control the filling process are the temperature and pressure profile of the gas which flows in the vessel. The main objective of the paper is to assess the effect of different filling strategies on the maximum gas temperature at the end of the process, on the SOC and on the cooling demand. It must be emphasized that the aim of the paper is not optimization, e.g. to define the optimum strategy for the filling, but to investigate the effects of different filling approaches on those key-parameters and to identify tendencies that can help to define suitable filling strategies.
The analysis is based on CFD calculations. It must be highlighted that the accuracy of the applied CFD model was successfully assessed by comparison with experimental data at different experimental conditions [7e10]. The great interest in CFD modelling as an analysis and investigation tool for hydrogen fast filling issues has been demonstrated by the increasing number of publications in the field in the last decade [11e19].
Four series of simulations have been performed with different strategies for the profiles of pressure and temperature of the incoming gas as described in Table 1 . Initially we have considered an almost linear pressure rise with constant temperature (cases 1). As a second step, we have selected a step-wise pressure rise with constant temperature (cases 2). Third, we have imposed a step-wise temperature profile with the almost linear pressure profile (cases 3). Finally we have selected a step-wise function both for the pressure rise and for the temperature profile (cases 4).
CFD model set-up
The CFD model set-up was based on the modelling strategy that was successfully adopted in the validation investigation [7e10]. The numerical simulations have been performed with the commercial CFD software ANSYS CFX V14.0 [20] . In CFX a conjugate heat transfer model is available (CHT) with the capability of capturing the thermal conduction through solid materials coupled with the changing temperature in the fluid. The numerical time scheme is based on a Second Order Backward Euler scheme. The high resolution scheme of CFX has been selected for the advection terms. Further details on the numerical scheme can be found in the ANSYS CFX manual [20] . A residual convergence criterion for RMS (root mean square) mass-momentum equations of 10 À4 has been applied, ensuring the attainment of convergence of results.
Since at high pressure the ideal gas law is not accurate enough to describe the pressure and temperature behaviour [8] , a real gas equation of state for the evaluation of hydrogen properties has been used (RedlicheeKwong [21] ). A modified keε approach [22] was applied as turbulence model in order to reduce the jets spreading rate over-prediction of the standard model [22e24]. In the modified model, the value of the i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 7 3 5 e7 4 5 constant coefficient, Cε1, of the production term in the dissipation equation was increased from 1.44 to 1.52 [22] . At every fluidesolid interface a no-slip boundary condition was applied. More details on the CFD modelling strategy can be found in a series of papers by the same group of authors [7e10].
Initial configuration
The initial configuration for this study was selected because it was already investigated from the experimental point of view [6] and subsequently from the numerical point of view [9] . The experiments were carried out in the JRC experimental facility GasTeF [6] . Those experiments were used for the validation of the same CFD model that is applied for the simulations in this paper. Several validation studies have been performed in recent years with the same CFD model [7e10]. A type IV tank was selected for the investigation because the temperature rise is usually larger in a type 4 than in a type 3 tank for the same initial and boundary conditions during the filling. The main difference between the tanks is that a type 4 tank has a plastic liner while in type 3 the liner is metallic. The larger temperature increase is due to the different thermal insulation properties of the plastic material compared to the metallic one. In the type 3 tank the heat transfer from the gas to the external environment through the tank walls is faster, causing a smaller temperature rise inside the tank compared to the type 4 tank.
The volume of the tank is 28.9 L and the initial vessel pressure is equal to 2 MPa which corresponds to an almost empty tank (~50 g of hydrogen that are sufficient for a 5 km trip). The final pressure is 77.5 MPa and the filling time is 204 s. Those initial and final conditions, and the gas inlet pressure history were selected from one of the experiments that was used for validation purposes [6, 9] . The final pressure is higher than 70 MPa since the final temperature at the end of the filling is higher than the ambient temperature because of the compression. After the end of the filling, the heat transfer between the tank and the environment continues until the tank temperature equals the ambient temperature, with the effect of decreasing the temperature and pressure of the vessels. Therefore the final pressure of the filling must be higher than 70 MPa in order to have 70 MPa and the desired density (40.2 kg/m 3 ) at the ambient temperature. For the specific tank size (28.9 L) in this investigation, the 100% SOC is reached when the total mass inside the vessel is 1.16 kg.
For this type of tank, it has been shown both experimentally and numerically that the temperature can be considered as uniform in the tank apart from some small regions [6, 9] . The incoming jet is colder than the gas inside the vessel and therefore it generates a temperature gradient in a relatively thin region along the tank centreline until a distance where the incoming gas is well mixed with the gas inside the tank. Another temperature gradient can be found in the regions near to the tank walls e.g. in the thermal boundary layer formed by heat transfer from the gas to the tank walls. Since the temperature can be considered uniform during the filling apart from limited regions which contribute with a negligible impact to the calculation of the averaged gas temperature in the vessel, the results of the calculations are shown for only one position in the upper part of the tank in the middle section which is representative of the gas temperature history in the whole tank.
The theoretical cooling demand of the heat exchanger without considering any losses has been calculated as:
where ṁ is the mass flow rate, h in and h out are the enthalpies of the gas which is going in and out of the heat exchanger respectively. The total energy cooling demand is calculated as a time integral of the above expression.
Results and discussion
Linear pressure rise and constant temperature profile e cases 1
In Fig. 1 temperature histories with no-pre-cooling (case 1A with T ¼ 15 C), and 3 levels of pre-cooling (case 1B with T ¼ 0 C, case 1C with T ¼ À20 C, and case 1D with T ¼ À40 C) are shown. The selection of the 4 cases 1 has been made according to the SAE J2601 where 4 different pre-cooling possibilities are foreseen: no-precooling, 0 C, À20 C, and À40 C. In Fig. 1 it is demonstrated that pre-cooling is required to keep the maximum temperature below the limit. If the gas is pre-cooled to À40 C and to À20 C, the maximum temperature at the end of the filling is below the 85 C threshold. With the milder pre-cooling to 0 C, the maximum temperature is at the threshold while with no pre-cooling, the temperature is above the limit by about 10 . In all cases the steeper temperature increase occurs in the first 20 s when the mass flow rate increases to its maximum value. The pressure profile is almost linear and it is depicted in red (in the web version) colour in Fig. 2 (left-hand side). That pressure profile will be identified as the reference pressure profile in the paper and in the legends. 
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Step-wise pressure rise and constant temperature profile (no pre-cooling) e cases 2
To evaluate the effects of the pressure history, different pressure profiles have been applied to the gas entering into the tank at a constant temperature of 15 C, as illustrated in Fig. 2 (left-hand side). Compared to the reference pressure profile that has an almost linear behaviour, three different step-wise profiles have been considered: a profile with faster initial pressure rise and slower final pressure rise (case 2A e decreasing pressure rise rate), a profile with slower initial pressure rise and faster final pressure rise (case 2B e increasing pressure rise rate), and a profile with multiple steps (case 2C). As shown in Fig. 2 (right-hand side) modifying the pressure profile causes a significant difference in the gas temperature history and in the maximum temperature but for none of the profiles the final temperature is lower than the threshold value. The strategy of step-wise pressure rise is not successful and pre-cooling is needed. That conclusion is consistent with the experimental findings in the research of Hirotani and co-workers [25] . In Figs. 1 and 2 (right-hand side) after the initial filling stages, fluctuations appear in the temperature history for case 1A which is the case that reproduces the experiment. The reason can be found in the pressure history of the incoming gas. In the experiments the filling of the tank occurs directly from a high pressure reservoir in the initial stages of filling while in the following stages a compressor increases the pressure of the gas coming from the reservoir before injecting the gas into the tank. The fluctuations in the pressure of the incoming gas are produced by the motion of the piston of the compressor. Those pressure fluctuations generate the small oscillations in the temperature history both in the experiment and in the simulations when the same pressure profile is employed at the inlet pipe as boundary condition for the incoming gas. We have kept the experimental pressure history, including the fluctuations, for each case except when investigating variations from the reference incoming pressure profile like in the cases 2B, 2C and 2D. In those cases, we have generated new pressure profiles to investigate the effect of different pressure rises on the gas temperature history. Since those fluctuations do not affect the behaviour of the parameters that are investigated in this work, they have not been included in the generated pressure profiles.
When pre-cooling to À40 C is applied for the whole duration of the process to the pressure profiles that are illustrated in Fig. 2 (left-hand side) , the maximum temperature stays below the threshold for all three cases (case 2A_pre, case 2B_pre, and case 2C_pre) as shown in Fig. 3 . The maximum temperatures of all cases 2_pre are in a similar range (55e60 C) as for case 1D (55 C). The total cooling energy demand is also similar (the cooling demand of each case is listed in Table 2 ): for case 1D is 874 KJ while for case 2A_pre, case 2B_pre, and case 2C_pre it is 880 KJ, 829 KJ, and 882 KJ respectively. In case 2B_pre it is possible to save 5% of cooling energy compared to case 1D, while case 2A_pre and case 2C_pre are slightly more energy consuming.
From the point of view of the maximum temperature, the worst strategies for the pressure profile are the case 2B in the right-hand side of Fig. 2 and case 2B_pre in Fig. 3 where the pressure rise is slow in the first half of the filling and it is fast in the second half. In cases 2A and 2A_pre, the slow pressure rise in the second half produces a decrease of temperature. A decrease of temperature occurs also in cases 2C and 2C_pre in those time periods where the pressure of the incoming gas is kept constant. During those times, the increase of pressure and temperature due to the incoming gas is absent and because of the heat transfer to the tank walls, the gas temperature decreases. The non-monotonic behaviour in the temperature history in cases 2A and 2C is caused by the decrease in the pressure profile of the incoming gas.
Linear pressure rise and step-wise temperature profile e cases 3
To investigate whether pre-cooling is required for the whole duration of the filling, four pre-cooling strategies are considered as shown in Fig. 4 (left-hand side): the gas is pre-cooled to À40 C only for the first 10 s (case 3A), for the first 30 s (case 3B), for the first 100 s (case 3C), and for the last 100 s (case 3D). The effect of the cooling is clearly visible in Fig. 4 (right-hand side). In cases 3A and 3B, as soon as the precooling of the gas is stopped, the gas temperature inside the tank increases quickly and the final temperature exceeds the allowed maximum value. Extending the pre-cooling to the first 100 s in case 3C is sufficient to limit the maximum temperature with a final temperature that is equal to 75 C. A similar final temperature (78 C) is reached if the gas is pre-cooled in the last 100 s (case 3D) while the maximum temperature is about 83 C. Case 3D is the only case with the reference pressure profile where the gas temperature does not increase monotonically.
In Fig. 4 it is demonstrated that pre-cooling to À40 C for the whole duration of the filling is not necessary and that precooling for half of the time is sufficient with a significant saving in cooling energy. In cases 3C and 3D, the energy saving is 36.5% and 60% respectively compared to case 1D as shown in Table 2 . Case 1D is the case where the cooling to À40 C is applied for the whole duration of the filling and it is the most Fig. 3 e Temperature history of the gas inside the tank for cases 2A_pre, 2B_pre and 2C_pre (with pre-cooling). Fig. 4 e Left-hand side: pressure and temperature history of the gas entering the tank for cases 3A, 3B, 3C, and 3D. Righthand side: Temperature history of the gas inside the tank for cases 3A, 3B, 3C, and 3D. Fig. 5 e Mass flow rate history for cases 1A, 2A, 2B, and 2C.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 7 3 5 e7 4 5 demanding case from the cooling energy point of view with case 2A_pre and case 2C_pre. Cooling the gas in the second half of the filling is more efficient than in the first half from the point of view of the cooling energy since the mass flow rate in the second half is lower than in the first half as shown in Fig. 5 for the case 1A without cooling.
One of the relevant parameters that affects the temperature increase within the tank is the mass filling rate that depends mainly on the pressure ratio between the hydrogen reservoir (or compressor) and the tank pressure. In Fig. 5 the mass flow rate histories for the cases 1A, 2A, 2B, and 2C are illustrated. The mass flow rate is a relevant parameter for the calculation of the cooling energy as shown in equation (1) . For the same temperature difference of the gas at the inlet and outlet of the heat exchanger, the cooling energy demand depends on the mass flow rate. The large fluctuations in the 1A profile have been filtered in order to make the figure more easily readable.
Step-wise pressure rise and step-wise temperature profile e cases 4
Finally step-wise functions have been considered both for the pressure and temperature profiles of the incoming gas as shown in Table 1 . The same pressure profile of case 2B in Fig. 2 without pre-cooling is applied to cases 4A and 4B with pre- Fig. 6 e Left-hand side: pressure and temperature history of the gas entering the tank for cases 4A and 4B. Right-hand side: pressure and temperature history of the gas entering the tank for cases 4C and 4D. Fig. 7 e Temperature history of the gas inside the tank for cases 4A, 4B, 4C, and 4D. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 7 3 5 e7 4 5 cooling. The case 2B (two-step pressure rise with increasing rise rate) is a particularly critical case since the maximum temperature without pre-cooling is the largest one as illustrated in Fig. 2 (right-hand-side) . When pre-cooling is applied for the last 100 s (case 4A in Fig. 6 e left-hand side) , the effect is large, reducing the final temperature from 105 C (case 2B in Fig. 2 e right hand side) to 65 C (case 4A in Fig. 7 ). On the contrary, when the pre-cooling is applied to the first 100 s, the effect is not sufficient to decrease the temperature below the threshold and it is necessary to extend the pre-cooling to the first 170 s (case 4B in Fig. 6 e left-hand side) to achieve the target by a small margin (case 4B in Fig. 7) . The energy savings in cases 4A and 4B are 19.3% and 40% respectively compared to case 1D.
It must be highlighted that for this specific pressure profile of the incoming gas, the larger mass flow rates occur in the second half of the filling as described in Fig. 5 . Therefore also in this case, given the same pressure profile, the maximum saving occurs when the cooling is used during the time of the smaller mass flow rate (case 4B). Moreover with smaller mass flow rate, the application of the cooling is required for a shorter time than in the cases with higher mass flow rate.
As depicted in Fig. 6 (right-hand side) for cases 4C and 4D, a two-step pressure rise with decreasing rise rate with precooling have been selected. As shown in Fig. 2 for case 2A, without pre-cooling the gas temperature exceeds the 85 C within the first 60 s therefore it was necessary to apply the pre-cooling at an earlier stage of the filling, starting at 40 s for the last 160 s of the process in case 4C (Fig. 6 left-hand side) . Pre-cooling the gas to À40 C for the first 100 s was also sufficient for the purpose as shown in Fig. 7 for case 4D.
In case 4C and case 4D, the energy savings are 42.5% and 17.3% compared to case 1D, providing a confirmation that cooling the gas during the time of smaller mass flow filling rate (and smaller pressure rise rate) is more convenient (case 4C). Similar pre-cooling strategies are applied to a pressure profile with a multiple step-wise behaviour for cases 4E and 4F as described in Fig. 8 (left-hand side). The same pressure profile without pre-cooling has been applied in case 2C where the temperature goes beyond the limit at 60 s as depicted in Fig. 2 . Therefore also in case 4E, the gas has been pre-cooled for the last 150 s and the final temperature has been decreased from 95 C (case 2C e Fig. 2) to about 72 C (case 4E e Fig. 8 ). Nevertheless the maximum temperature of 85 C in Case 4E occurs at 20 s.
In case 4F, the pre-cooling is applied for the first 100 s and the final temperature is decreased to 70 C compared to 95 C for the non pre-cooled case 2C. The energy savings for case 4E and case 4F are 44.5% and 30% compared to case 1D. The largest saving occurs when the pre-cooling is employed during the time with lower mass flow rate (case 4E) although in this configuration the maximum temperature is higher than in case 4F by about 14 C.
Final remarks
In Fig. 9 , the total cooling demand, SOC and the maximum temperature are plotted in the same graph. In the circle the maximum temperature is provided for each case. Only the cases within the maximum allowed temperature are included in the graph. Case 2A_pre and case 2C_pre have not been included in the figure because they are overlapping with case 1D, having almost the same SOC (~98%) and total cooling energy demand (~880 kJ). The ideal region of the figure is in the lower right corner of the figure where at a high SOC corresponds a low cooling demand. On the other hand the worse region would be on the top left corner of the graph. None of the strategies that have been investigated in this study are in the ideal region or in the worse region. All the cases are placed almost linearly along a direction from the bottom left corner towards the top right corner that goes from case 3D (low SOC and low cooling demand with linear increase of pressure and pre-cooling in the last 100 s) to case 1D (high SOC and high cooling demand with linear pressure increase and pre-cooling to À40 C for the whole duration of the process).
In Fig. 9 , many different filling strategies achieve the temperature target with very different level of SOC and cooling demand. A SOC between 90% and 100% is considered typical [26] . In the appendix B of the SAE J2601 [3] , the lower bounds for the SOC of vehicle fuel systems with capacity 1e7 kg with 2 MPa initial pressure go from 84% to 91% depending on the ambient temperature.
It is relevant to identify the ranges of the 3 key-parameters in all the cases where the maximum temperature is below the threshold during the whole duration of the filling. For the Fig. 9 e Total cooling demand versus SOC. The maximum gas temperature in the tank is indicated inside the circles. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 7 3 5 e7 4 5 maximum temperature, the range goes from 55 C to 85 C, for the theoretical cooling demand from 346 kJ to 882 kJ, and for the SOC from 89% to 98%. The maximum cooling energy saving occurs in case 3D where the required energy is 60% less compared to the case 1D, although the maximum temperature is 83 C and the SOC is 89.3% and both values are at the edge of the acceptable ranges. A significant advantage occurs also for the theoretical maximum cooling power that is about 5 kW for case 3D and 10 kW for the case 1D according to equation (1) . The worst cases for the maximum cooling power (~18 kW) are the case 2C_pre and case 4F where the precooling is applied at the time of maximum mass flow rate among all the considered cases. That time is clearly placed in the first 20 s for case 2C, as shown in Fig. 5 , which is the case without pre-cooling with the same pressure profile of the case 2C_pre and case 4F with pre-cooling. Higher peaks of mass flow rate require higher cooling power.
Conclusions
A CFD model was applied to investigate the effect of filling strategies on 3 key-parameters: the maximum temperature, the state of charge (SOC) and the theoretical cooling energy demand. The accuracy of the CFD model in the relevant conditions had been assessed in previous papers by the same group of authors. The gas temperature inside the tank cannot be larger than 85 C in order to prevent changes in the mechanical properties of the material. Four strategies were considered to achieve that target. In the first strategy, the precooling was applied for the whole duration of the process to an almost linear increasing pressure of the incoming gas. Precooling to À40 C (case 1D) and À20 C achieved the temperature target for the gas inside the vessel while pre-cooling to 0 C and no pre-cooling failed. In the second strategy, different step-wise pressure profiles were adopted with no pre-cooling and that approach was completely unsuccessful. Only with pre-cooling, the target temperature was achieved with the different step-wise pressure profiles but the energy saving was non-existing or minimal (5%) compared to case 1D. In the third strategy, step-wise temperature profiles with a linear increase of pressure were considered. Finally a step-wise function both for the pressure rise and for the temperature profile was selected. In the third and fourth approach precooling (to À40 C) was not applied for the whole duration of the filling but for a limited time, from 50% to 75% of the filling time.
The main findings related to the selected tank and selected boundary/initial conditions can be summarized as follows:
Different filling strategies can be successfully implemented and they have significantly different effects on the SOC, maximum temperature and cooling demand energy. Pre-cooling is necessary to keep the gas temperature within the threshold for all considered pressure profiles. Pre-cooling to À40 C is not necessary for the whole duration of the filling and pre-cooling for a fraction of the time can be sufficient to achieve the temperature target.
Partial time pre-cooling to À40 C can produce significant savings in term of total cooling energy compared to the cases with pre-cooling over the whole duration of the process. The maximum saving (~60%) is achieved for the case with an almost linear pressure rise and pre-cooling in the second half of the filling. Pre-cooling the gas in the stages with smaller pressure rise rate and therefore smaller mass filling rate is the more convenient approach from the point of view of the total cooling energy and the maximum cooling power. However that occurs at the expense of a higher maximum temperature and of a lower SOC. Precooling the gas in the stages with higher pressure rise rate (and therefore higher mass filling rate) requires larger cooling energy, higher cooling power peaks and the use of pre-cooling for longer times.
